Abstract-The blackbody radiation shift, a manifestation of the Stark effect caused by blackbody radiation, contributes to the systematic uncertainty in Cs-based frequency standards at a level of 1 × 10 −15 . Few measurements of the third-order scalar electric polarizability of the Cs ground states, mainly responsible for the ac Stark shift in atomic clocks, have given better than 10% accuracy. We report progress in the development of a fully optical Ramsey pump-probe measurement in a thermal atomic beam, based on coherent population trapping (CPT), for the measurement of the third-order scalar and tensor polarizabilities of the Cs ground states. We give details of the apparatus and measurement techniques as well as our first 500 Hz half-period Ramsey fringes.
I. Introduction T he frequency of the ground state hyperfine splitting in cs has defined the second since 1967 (Iso 31-1), and the understanding and control of the systematic effects [1] , [2] which perturb that frequency is of the highest importance for time and frequency metrology. The stark shift, a change of atomic level energies caused by an applied electric field, has been considered and controlled in atomic clocks since the early '80s when it was realized that the ac stark shift arising from the blackbody radiation spectrum of the finite temperature surroundings of the clock would shift the resonance [3] . The recent ac and dc stark shift measurements have shown a discrepancy in the measured value for the third-order scalar polarizability a 0 (3) ( ) F [4] [5] [6] [7] and calls for clarification of the issue have appeared [1] .
We are presently optimizing a cPT-based ramsey pump-probe experiment on an atomic cs beam similar to that introduced in 1982 by Thomas et al. [8] for a na atomic beam, and used recently by Fuchs et al. [9] with li atoms. The commercial availability of optical phase modulation devices makes straightforward the replacement of the microwave cavity used in atomic frequency standards (either beam or fountain clocks), by a bichromatic, phasecoherent light source, where the frequency difference between the 2 light fields is equal to the microwave frequency. The technique will be used to measure a 0 (3) for the cs atom, the term responsible for the blackbody radiation shift in cs-based frequency standards. We are confident in our ability to achieve a measurement accuracy below 1% because a similar version of the method was successfully used by us to measure the third-order tensor polarizability, a 2 (3) , in cs, a value roughly 2 orders of magnitude smaller than a 0 (3) [10] , [11] . The basic principle can be viewed as the measurement of the relative phase difference which accumulates over time resulting from a tiny frequency difference between 2 oscillators. The first frequency is the intrinsic frequency of the atom itself, v 1 , whereas the second, v 2 , is generated by a microwave synthesizer. a first interaction between the microwave and the atom sets the phase difference to zero. Then, the atom enters a free precession zone for a time T where it accumulates a phase difference Φ = 2π(ν 1 − ν 2 ) T with respect to the microwave. The accumulated phase is finally probed by the same microwave frequency. Every change in the energy structure of the atom caused by an external perturbation during the free evolution, e.g., by an electric field, will result in a phase difference at the probe region and will be detected.
In our case, the atomic reference will be the hyperfine coherence oscillation, prepared by a cPT interaction, and the microwave signal will come from a generator referenced to an atomic clock. a static electric field will be applied in the free evolution zone and the resulting phase shift, due to the stark effect, will be probed with the same bichromatic field. due to the thermal distribution of the atomic velocities in an atomic beam, the free evolution time, and thus the final accumulated phase, has to be averaged over the velocity distribution of the atoms in the beam. Finally, the stark phase shift will be given by
for ΔE the energy shift induced by the stark effect, L the free atoms evolution distance, and 〈1/v〉 the average of the inverse atomic velocity.
The signal used to measure the effect is the interaction of the laser with the atoms (detected by either transmission/absorption, or florescence) at the second interaction zone, because the phase difference between the atomic coherence and the microwave produces a variation of the optical absorption coefficient. We will record the transmitted light intensity versus the microwave frequency. When the microwave frequency is scanned around the clock frequency, the absorption of the atomic beam shows a ramseytype interference pattern [12] . any additional phase difference produces specific fringe shifts that will be measured. It is important to note that we are not interested in the Stark Shift of the Cs Clock Transition Frequency: A New Experimental Approach absolute value of the resonance frequency as in the case of atomic clocks, but only in the differential shift induced by the electric field, which will greatly simplify our task.
The energy shift produced by a dc electric field  is described using the electric polarizability α as ΔE(n, L J , F) = -1 2 2 / a . The constant α is traditionally expanded in power series, both in multipole order (subscript) and perturbation order (superscript). neglecting the (small) quadrupole hyperfine interaction, the lowest order terms (i.e., third) which affect the cs hyperfine ground state transitions, with Δm = 0, produce a frequency shift [13] , [14] dn a a q = 2
where a 0 (3) and a 2 (3) are the third-order scalar and tensor polarizabilities, m is the magnetic quantum number defined by the quantization axis (magnetic field), and f(θ) = 3cos 2 (θ) − 1 is a function of the relative angle between  and the magnetic field. note that f(θ) averages to zero for isotropic blackbody radiation. For an electric field of 20 kV/cm, the expected scalar shift in cs is 830 hz, and the tensor shift about 3 hz.
II. Experimental setup
The overall apparatus is shown schematically in Fig. 1 , and in picture in The first vacuum region after the oven collimator is used for preparation of the beam. large windows give optical access to the beam in both vertical and horizontal directions perpendicular to the beam propagation. They will be used for optical preparation of the atomic state or/and transverse atomic velocity laser cooling. Two additional slit collimators are used to give the beam a rectangular profile. Their widths and heights can be modified to adapt the beam geometry to our needs. The preparation zone is followed by the magnetically shielded ramsey preparation and interrogation zones. Two pairs of 10-mm diameter windows are used for the pump and probe laser beams. The separation between the pump and probe region is 300 mm. The last section of the vacuum system consists of the high-voltage feedthrough and is reserved for optional beam diagnosis, e.g., probing the beam spatial distribution and density with a langmuir-Taylor hot wire detector.
Two lasers are used at the moment, a cs D 1 extended cavity diode laser for the ramsey pump-probe experiment and a cs D 2 extended cavity diode laser for hyperfine repumping. Both lasers are stabilized to specific cs hyperfine transitions using saturated absorption spectroscopy in a cesium vapor cell. convenient optical pumping transition is the F = 4 → F = 5 with π polarized light, because it tends to transfer the atoms from the F = 4 state into the m = 0 state, because of branching ratios that favor decays toward m = 0. Moreover, this transition is cycling and therefore allows more efficient pumping on F = 4, although it does not optimize the F = 3 state. The preparation laser wavelength is locked to the atomic transition using saturated absorption in a cs vapor cell. The light power available for the interaction is about 3 mW. In our existing measurements of the preparation effect, the presence in the pump region of a high magnetic field used for the detection of the ramsey signal caused the pumping efficiency to be suboptimal because the laser linewidth (<1 Mhz) was too small to reach all Zeeman transitions, which were separated by ~6 Mhz. nevertheless, we measured an increase of the ramsey signal intensity by 20%. Work on improving this is underway.
A. Preparation of the Atomic Beam

B. Coherent Population Trapping (CPT)
The phase coherent bichromatic field used to produce the cPT signal is obtained by sending the cs D 1 laser beam into a commercial lithium niobate electro-optic modulator (EoM). The modulation source is a microwave synthesizer whose frequency can be scanned around the cesium clock transition frequency. The synthesizer signal is amplified and sent to the EoM crystal. The EoM optical output spectrum contains sidebands that are separated from the carrier by the modulation frequency, and whose amplitudes depend on the applied modulation power. The phase coherence of the carrier and the sidebands is guaranteed by the use of the single input light source. a cPT interaction is obtained when the frequency of the D 1 laser (the carrier) is locked to a cs atomic transition coupling one of the hyperfine ground states with one of the 6P 1/2 excited states, and the EoM modulation frequency is set to match the transition frequency between the 2 ground states levels. a sweep of the microwave frequency is used to scan the cPT resonance. It is important to note that the intensity ratio between the 2 light fields has to be such that the rabi frequencies of the 2 transitions are equal. If not, the cPT resonance absorption becomes asymmetric and shifts of the resonance zero crossing can arise [16] .
C. The Pump-Probe Experiment
The mean atomic velocity is given by the oven temperature and is 260 m/s, giving an average free precession time of 1.2 ms over 300 mm. a 2-layer μ-metal magnetic shield excluded the earth field from the critical experimental volume, leaving a residual magnetic field of about 20 nT in the entire ramsey region. Two pairs of rectangular helmholtz coils and a solenoid built around the vacuum tube were used to control the magnetic field. optical access to the atomic beam for the pump and probe region allowed 7-mm diameter laser beams to interact with the atoms. The pump and probe laser beams were circularly polarized and the magnetic field was chosen parallel to the light propagation, a configuration chosen to form cPT coupling between states with Δm = 0 without being limited by the 2 forbidden Zeeman transitions m = 0 → m′ = 0 with F = F ′. The transmission of the probe beam was detected by a photodiode. To diminish the noise in the detection, phase sensitive detection was used. The microwave frequency sent into the EoM was frequency modulated at 1 khz with an appropriate amplitude and the photodiode signal was demodulated by use of a lock-in amplifier. The signal obtained from the lock-in amplifier corresponds to the derivative of the input signal. any dc offset in the original signal is suppressed and the amplitude of the remaining signal is amplified. The optical path length of the probe beam, which controls the microwave phase for the probe interaction, could be varied by an optical delay line using a prism mounted on a translation stage. Fig. 3 shows typical ramsey fringes of the clock transition. as expected from the 1.2 ms free precession time, the half-period of the central fringe is about 500 hz. The signal was obtained with a 15 µT magnetic field parallel to the light path (no electric field was applied). The laser wavelength was locked to the F = 4 → F ′ = 4 transition of the cs D 1 line. The pump and probe beams were σ − polarized with powers of 335 and 25 µW, respectively. The present frequency resolution (~20 hz) is limited by acoustic noise transmitted by the optics and will be improved 615 robyr et al.: stark shift of the cs clock transition frequency Fig. 3 . dispersive ramsey fringe pattern of the cesium clock transition, with a 300 mm separation between the pump and probe interactions. The spectrum is obtained by scanning the EoM modulation frequency around the cs ground states hyperfine frequency splitting. as expected from the free precession time, the central fringe half-period is about 500 hz. The lineshape is dispersive due to the phase-sensitive detection. The fringe amplitude carries no significant information because it is determined by the lock-in amplification and therefore the y-axis scale has been omitted.
III. Experimental results
A. CPT Pump-Probe Signal
following Zeeman state preparation with optical pumping. By increasing the microwave frequency scan, it becomes possible to observe the 7 possible cPT transitions between the 2 cs ground states. Fig. 4 clearly shows 6 of the 7 cPT ramsey resonances induced by the polarized light. The amplitude distribution asymmetry is due to the σ − optical pumping induced by the pump beam which tends to populate states with negative magnetic quantum numbers. The m 3 = 3 → m 4 = 3 ramsey interference is buried in the noise background.
B. Pump-Probe Microwave Relative Phase
The microwave phase difference between the pump and probe regions has an important effect on the ramsey signal. It induces a phase shift of the fringes with respect to the signal envelope and makes the signal asymmetric. In this experiment, the microwave is carried by the bichromatic laser light, and thus the microwave phase difference depends on the optical path length difference. The wavelength of the microwave is 3.261 cm. By use of a prism mounted on a translation stage, the microwave phase of the probe beam was varied and the effect on the ramsey pattern recorded. Fig. 5 shows the clock transition ramsey fringes for different relative microwave phase settings.
IV. Expected accuracy
It is important to keep in mind that this is a differential frequency measurement and therefore the sensitivity to systematic effects that perturb absolute frequency measurements is strongly reduced. The measurement accuracy for a 0 (3) relies on the resolution of the frequency shift induced by the electric field, the precise knowledge of the mean of the square electric field á ñ  2 , and the control of the angle between the electric and magnetic fields θ. Based on previous work [10] , [11] , we expect to achieve measurements with an accuracy below 10 −2 .
A. Microwave
The stark frequency shift of the ramsey fringes is measured by scanning the microwave frequency. The resolution of the microwave generator is 0.1 hz and its stability is enhanced by referencing it to an external atomic frequency reference with a stability below 10 −11 . For a typical electric field of 20 kV/cm the expected accuracy is about 10 −3 .
B. Electric Field
The shift of the ramsey fringes is induced by the square of the electric field perturbing the atoms, averaged over their trajectory between the pump and probe interaction zones. The electric field will be produced by applying a known voltage to a set of float glass plates with a conductive coating, whose spacing is defined by optical flats. The flatness of the surface as well as the temperature expansion coefficient of the spacers will limit the determination of the spacing. at this point, the electric field has to be modeled and á ñ  2 extracted. Experimental measurement of the aharonov-casher phase shift [17] , a linear effect in á ñ  , will help to verify the model. high-voltage measurement can achieve 10 −4 precision. The finite-size electrode geometry, as well as the high-voltage control should limit the final measurement at the level of 2 × 10 −3 . 4 . a large frequency scan shows 6 of the 7 dispersive ramsey fringe patterns corresponding to the π transitions between the 2 ground states of cesium. Both pump and probe laser beams were σ − polarized. The amplitude distribution asymmetry is due to the σ − optical pumping induced by the pump which tends to populate states with lower magnetic quantum numbers. The depopulated m 3 = 3 → m 4 = 3 transition is hidden in the signal noise. 
C. Magnetic Field
The coils that produce the magnetic field are mounted on the same structure as the electrodes and thus, the angle between the magnetic and electric fields, θ, is fixed by the geometry and can be accurate to a fraction of a degree. consequently, the third-order tensor stark shift uncertainty contribution is kept <5 × 10 −3 .
V. conclusion
The results that we have shown so far represent the first step toward the measurement of the stark effect. The next challenges are the improvement of the signal-to-noise ratio and the installation, calibration, and computer modeling of the -field. our goal is to increase the frequency resolution by 2 orders of magnitude, i.e., from 20 hz to 0.1 hz, which will reach the resolution of our microwave synthesizer. This will be achieved by filtering or eliminating acoustic noise transmitted by the optics, optimizing the phase sensitive detection, improving the signal amplitude by use of optical pumping, and studying the stability over long time averaging.
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